nimal models engineered genetically are useful for studying the pathogenesis of human diseases. Mice are commonly used because their genetic background is relatively well understood and transgenic and gene-targeting techniques in this species are recently advanced. Apolipoprotein E-knockout (apoE-KO) mice show spontaneous elevation of total plasma cholesterol and develop prominent atherosclerotic lesions with features similar to those in humans. 1 The lesions in the proximal aorta begin at the aortic sinus and extend distally in the aorta, and we have previously reported that lesions in the aortic area can be modified by the transplantation of bone marrow derived from mice that are resistant to atherosclerosis. 2 However, currently most experiments are limited to in vitro and ex vivo examinations and the development of an in vivo technique for serial imaging to observe progression of cardiovascular lesions would enable repeated analysis in the same mouse, and thus would contribute to the study of the pathogenesis and prevention of human atherosclerosis.
Transthoracic echocardiography using a high-frequency sector probe, usually at 7.5-12 MHz, has been used to evaluate the morphological and functional characteristics of the cardiac phenotype in experimental small animals. [3] [4] [5] However, the in vivo features, including cardiovascular function, of apoE-KO mice have not yet been determined. Recently we developed an ultrasound system with a highspeed linear scan and wide band high-frequency ultrasound (9-14 MHz), which enables visualization of the heart of small animals. The present study used transthoracic echocardiography with this system to noninvasively evaluate the cardiovascular lesions in apoE-KO mice and is the first to demonstrate in vivo (1) the arterial wall in order to identify the atherosclerotic lesions and (2) concentric remodeling of the heart.
Echocardiography
Mice were placed in the left lateral decubitus position and transthoracic echocardiography was performed using an EUB 8000 echocardiographic instrument (Hitachi-Medico, Tokyo, Japan) with our originally developed linear scanner, which takes a high-speed scan with a frame rate up to 656 frames/s and which has a wide band high-frequency ultrasound (9-14 MHz at -6dB). 6 On 2-dimensional (2-D) echocardiography the high-frame rate long-axis and short-axis images were stored in a cine memory and slow motion images were recorded on an S-VHS videotape. Two independent observers blinded to the experimental groups evaluated the atherosclerotic changes in the aortic root from the redisplayed images. The thickened aortic wall echo with higher intensity nearly equal to that of pericardium was judged as abnormal, and the atherosclerotic change (atherosclerotic score of the aorta: ASSAo) was scored into 3 grades based on the extent of the abnormal echo: grade 1 (no abnormal echo in the aortic root wall), grade 2 (abnormal echo present, but localized), and grade 3 (almost entire aortic root wall showed abnormal echo). Under the guidance of 2-D echocardiography, M-mode echocardiography was performed to measure the following parameters from the M-mode image of the left ventricle: left ventricular (LV) end-diastolic dimension (LVDd), LV end-systolic dimension (LVDs), LV percent fractional shortening (%FS) and LV posterior wall thickness (LVPWT). The aortic root dimension (AoD) was measured from the M-mode image at the level of the Valsalva sinus, and the rate of systolic expansion of the aorta (%SEAo) was calculated from the aortic M-mode image just above the sinotubular junction.
Histological Examination
After the echocardiographic examination serial histological sections of the ascending aorta and left ventricle were obtained. Histological sections of the ascending aorta were stained with oil red O and hematoxylin as previously described. 2 Morphometric measurements of the aorta were made for the wall thickness of the aortic root (maximum thickness at the level of Valsalva sinus, WTar) and the wall thickness of the ascending aorta (maximum thickness just above the sinotubular junction, WTaa) using computer imaging graphic software (PhotoShop 5.0, Adobe Systems, USA). Histological sections of the left ventricle were stained with periodic acid -Schiff (PAS) hematoxylin to measure myocyte breadth and to count the numerical nuclear density using conventional stereologic methods as previously described. 7 
Statistical Analysis
Data were expressed as mean ± SD. Group data were analyzed by unpaired Student's t test. Spearman's correlation coefficient by rank was used to study the correlation between 2 parameters. A value of p<0.05 was considered statistically significant.
Results

Echocardiography
We obtained satisfactory echocardiographic images of the heart and ascending aorta in all the mice. Representative 2-D echocardiograms of the end-diastolic parasternal longaxis view in both C57BL/6 and apoE-KO mice are shown in Fig 1. The echo intensity of the aortic root in the apoE- End-diastolic parasternal long-axis images from C57BL/6 and apoE-KO mice. The echo intensity of the aortic root in the apoE-KO mouse is nearly equal to that of the pericardium and higher than that in the C57BL/6 mouse. The ASSAo was judged as 1 for the C57BL/6 mouse (A), as 2 for the apoE-KO mouse (B) and as 3 for the apoE-KO mouse (C). Ao, aorta; apoE-KO, apolipoprotein E-knockout; C57BL/6, C57BL/6CrSlc; LA, left atrium; LV, left ventricle. Representative M-mode echocardiograms of the ascending aorta obtained at the level just above the sinotubular junction in C57BL/6 and apoE-KO mice. Systolic expansion of the aorta in the apoE-KO mouse is more reduced than that of the C57BL/6 mouse. Ao, aorta; apoE-KO, apolipoprotein E-knockout; C57BL/6, C57BL/6CrSlc; LA, left atrium; LV, left ventricle.
KO mouse was higher than that in the C57BL/6 mouse. Representative M-mode echocardiograms of the left ventricle at the level of the chorda tendineae in both C57BL/6 and apoE-KO mice are shown in Fig 2, and representative M-mode echocardiograms of the ascending aorta obtained at the level just above the sinotubular junction in both groups are shown in Fig 3. Systolic expansion of the aorta in the apoE-KO mice was more reduced than that in the C57BL/6 mice.
Echocardiographic Parameters
Echocardiographic parameters are summarized in Table 1 . The atherosclerotic score in the apoE-KO mice was significantly greater than that in the controls (2.83±0.41 vs 1.33± 0.52; p<0.001). The %SEAo and LVDd in apoE-KO mouse was significantly smaller than that in C57BL/6 mouse (respectively, 4.3±1.5 vs 7.9±2.5% (p<0.05) and 3.45±0.30 vs 4.20±0.32 mm (p<0.01)). The LVPWT in the apoE-KO mice was significantly greater than that in the controls (0.83±0.18 vs 0.66±0.05 mm; p<0.05). AoD and %FS were not significantly different between the 2 groups.
Histological Analysis
On histological analysis, WTar (307±62 vs 127±21 m; p<0.0001) and WTaa (364±182 vs 138±13 m; p<0.01) in the apoE-KO mice were significantly greater than in the controls (Table 1) . Transverse sections of the aortas at the level of Valsalva sinus and just above the sinotubular junction were obtained from C57BL/6 and apoE-KO mice and were stained with oil red O and hematoxylin (Fig 4) . Compared with the C57BL/6 mice, raised advanced atherosclerotic lesions comprising a fibrous cap overlying a lipid core with foam cells, areas of necrosis, cholesterol clefts and increased extracellular matrix with lipid deposits can be seen in the apoE-KO mice, as previously described. 2 Myocyte breadth and numerical nuclear density were not significantly different between the 2 groups (Table 1) .
Correlation Between Echocardiography and Histology
The correlation between ASSAo and WTar was good (r=0.80, p<0.01) and between %SEAo and WTaa was fair (r=-0.64, p<0.05) (Fig 5) .
Discussion
This is the first report of the feasibility of in vivo echocardiography for visualizing the arteries of apoE-KO mice to locate and evaluate the extent of aortic lesions. We observed morphological changes and reduced distensibility because of atherosclerosis in living apoE-KO mice. On echocardiography the change in the echo intensity of atherosclerotic lesions is known to correspond to pathological change. 8 In this study, the lesion was characterized on 2-D echocardiographic images using a grading system to estimate the degree of atherosclerosis. The vessel wall was scored for the apparent degree of severity on the echocardiographic images and later verified by the histological cross sections. There was a good correlation between the echocardiographic results and histological findings. Distensibility of the ascending aorta measured by M-mode echocardiography was significantly decreased in the apoE-KO mice compared with the C57BL/6 mice.
Transthoracic echocardiography using a high-frequency sector probe at mainly 7.5-12 MHz has been used to evaluate cardiac structure and function in experimental small animals, [3] [4] [5] and recently there have been reports of a lineararray, broadband transducers operating at higher frequencies that can evaluate the cardiac phenotype in mice. [9] [10] [11] [12] These transducers are described as '15 MHz', but precise data are only available in one report 11 in which the '15 MHz' transducer had 0.35 mm lateral resolution and 0.25 mm axial resolution. We developed a novel linear scanner system with a wide band high-frequency ultrasound (9-14 MHz at -6 dB) for the evaluation of the cardiac phenotype in small animals. Although the central frequency of this probe was calculated as 11.5 MHz, the system mainly uses frequencies of 13-14 MHz to a depth of 10 mm. As a result our system provided axial resolution of less than 0.20 mm and lateral resolution of less than 0.25 mm, which exceeded the limit of measurement by commercially available phantoms such as RMI 404GS (Gammex RMI, Middleton, USA). Thus, the spatial resolution of the ultrasound system used in the present study may have exceeded that of the '15 MHz' linear system employed in previous reports. The time resolution of our system was as high as 656 frames/s, which permits accurate imaging and measurement of mice, which have a heart rate about 10-fold greater than the human heart rate.
Enhanced computed tomography can visualize atherosclerotic changes in humans, 13 but is difficult to use for mice. Magnetic resonance imaging (MRI) may be a promising technique for assessing the murine heart; 14, 15 Fayad et al reported noninvasive in vivo high-resolution MRI with a high field magnet (9.4 T) of atherosclerotic lesions in apoE-KO mice, 16 but no information was provided about the morphological and functional changes of the thoracic aorta, aortic valve or heart. Compared with echocardiography, MRI has potential limitations in time resolution and needs ECG and respiratory gating to obtain a motion image, which is then reconstructed after data acquisition of multiple cardiac beats. Thus, spatial resolution would be substantially reduced and, moreover, MRI is costly, resourceintensive, and requires tight constraint of the animal. In contrast, transthoracic echocardiography is noninvasive, versatile, readily available, and well suited for serial studies. In particular, when using our system, cardiovascular structure and function can be evaluated with sufficient spatial and time resolution.
In the present study, aortic atherosclerotic changes in apoE-KO mice were well documented by echocardiographic visualization and measurements using wide band high-frequency ultrasound, and they corresponded with the histological results. Although differentiation of the lipid components and fibrous portion of the atherosclerotic lesion was not possible because of the limited resolution and signal to noise ratio, it was possible to identify the calcified components by their high signal in some of the apoE-KO mice. Atherosclerotic functional change of the ascending aorta in apoE-KO mice was detected using Mmode echocardiography. We also found that LV systolic function in apo E-KO mice did not differ from that in the control mice, and that the LV wall thickness was greater and LV internal dimension smaller in the apoE-KO mice compared with the control mice. Although blood pressure was not measured in this study, Yang et al have reported that there was a significant increase in arterial pressure and the ratio of left ventricular weight to body weight in 7.5-month-old apoE-KO mice. 17 In the the present histological examination, myocyte breadth and numerical nuclear density were not significantly different between the apoE-KO and C57BL/6 mice, so it is considered that the geometric changes detected in this study represent concentric remodeling secondary to hypertension induced by the atherosclerosis. 18 
Conclusion
Transthoracic echocardiography using our novel highfrequency, high-speed linear scanner system can detect atherosclerotic lesions and decreased distensibility of the ascending aorta, as well as secondary changes in the left ventricular geometry, in apoE-KO mice.
Further improvement in the ultrasound system will enable better visualization of genetically engineered mice and Fig 5. Correlation between the echocardiographic results and histological analyses. The correlation between ASSAo and WTar (A) was good (r=0.80) and that between %SEAo and WTaa (B) was fair (r=-0.64). Open circles represent data from C57BL/6 mice and closed circles represent data from apoE-KO mice. ASSAo, atherosclerotic score of the aorta; WTaa, wall thickness of the ascending aorta (maximum thickness just above the sinotubular junction); WTar, wall thickness of the aortic root (maximum thickness at the level of Valsalva sinus); %SEAo, rate of systolic expansion of the aorta.
